A series of highly luminescent Tb(III) complexes of para-substituted 2-hydroxyisophthalamide ligands (5LI-IAM-X) has been prepared (X = H, CH 3 , (C=O)NHCH 3 , SO 3 -, NO 2 , OCH 3 , F, Cl, Br) to probe the effect of substituting the isophthalamide ring on ligand and Tb(III) emission in order to establish a method for predicting the effects of chromophore modification on Tb(III) luminescence. The energies of the ligand singlet and triplet excited states are found to increase linearly with the -withdrawing ability of the substituent. The experimental results are supported by 2 time-dependent density functional theory (TD-DFT) calculations performed on model systems, which predict ligand singlet and triplet energies within ~5% of the experimental values. The quantum yield () values of the Tb(III) complex increases with the triplet energy of the ligand, which is in part due to the decreased non-radiative deactivation caused by thermal repopulation of the triplet. Together, the experimental and theoretical results serve as a predictive tool that can be used to guide the synthesis of ligands used to sensitize lanthanide luminescence.
Introduction
The high sensitivity and ease of detection afforded by fluorescent labels has made use of fluorescencebased bioassays very widespread. A wide variety of luminescent reporters such as organic fluorophores, 1 ,2 fluorescent proteins, 3,4 and fluorescent metal complexes 5, 6 and nanoparticles, [7] [8] [9] have been incorporated into such systems. Among these, strategies based on lanthanide luminescence offer distinct advantages due to the unique photophysical properties (up to ms lifetimes, large Stokes shifts, narrow emission lines) of Ln(III) complexes. In particular, time-resolved luminescence-based assays utilize the long lifetimes of lanthanide complexes to increase detection sensitivity by eliminating the short-lived background fluorescence of biological samples. 10 The luminescence of Ln(III) ions results from Laporte-forbidden f-f transitions, which give rise to their micro-to millisecond fluorescence lifetimes. However, because they are forbidden, these transitions exhibit low extinction coefficients ( < 1 M -1 cm substituted methoxyisophthalic acids (6) were converted to the activated bis-thiazolide species (7) . The bifunctionalized thiazolides were selectively coupled with methylamine under high-dilution conditions to give the mono-methylamides (8) . These methylamides were then coupled to the 1,5-diaminopentane backbone to give the protected ligands (9) . The methyl protecting groups were removed using BBr 3 while the benzyl protecting groups were removed by hydrogenation or under strongly acidic conditions.
The sulfonated ligand (10i) was prepared by sulfonation of the unsubstituted ligand (10f) using H 2 SO 4 .
The Ln(III) complexes were synthesized by combining two equivalents of ligand with one equivalent of LnCl 3 •nH 2 O in the presence of an excess of base (sym-collidine or pyridine) in methanol. After heating for several hours, the complexes were recrystallized from diethyl ether. The presence of the ML 2 complex for each of the compounds was confirmed by mass spectrometry (ES-) and elemental analysis. The Tb(III) complexes, prepared in situ by combining 1 equivalent of TbCl 3 (in 1M HCl) with 2 equivalents of ligand (in DMSO) in 0.1 M Tris buffered H 2 O (pH = 7.4), displayed photophysical properties identical to the corresponding isolated Tb(III) complexes and therefore were used in this study to measure quantum yield and lifetime values.
Absorption and Emission. Photophysical measurements of the Ln(III) complexes of the 5LI-IAM-X
series were performed to determine how the substituents affect the ligand excited states and Ln(III) emission. A summary of the results for the entire series is given in Table 1 . The Tb(III) complexes (Tb-X) are very efficient absorbers, with extinction coefficients on the order of 2.3  10 4 M -1 cm -1 . Notably, this value for Tb-NO 2 is twice as large as those of the other complexes, suggesting that this ligand experiences a larger change in dipole moment upon going from the ground to the excited state than do the other ligands. 37 The Tb(III) complexes, in aqueous solution, display single ligand-centered 6 absorption bands, as shown in Figure 2 in the representative absorption and emission spectra of Tb-Cl, with the exception of Tb-Amide, which shows one absorption band at 335 nm and a more intense band at 280 nm ( Figure S2 ) and Tb-NO 2 , which also displays two bands, one centered at 346 nm, and a shoulder at ~380 nm ( Figure S8 ). The absorption maximum of the Tb(III) complex of the unsubstituted ligand (Tb-H) appears at 335 nm ( Figure S1 ), which is consistent with the corresponding values observed for unsubstituted octadentate IAM ligands in aqueous solution. 22, 24 The absorption maxima of the remaining complexes are red-shifted, ranging from 340 nm for Tb-SO 3 -to 359 nm Tb-OCH 3
( Figures S3-S8 ). Residual ligand-centered fluorescence, which can be seen in the emission spectra of the Tb(III) complexes, covers a similarly broad range of energies. The unsubstituted ligand (5LI-IAM-H) has a fluorescence maximum of 408 nm, while the amide and sulfonate-substituted ligands fluoresce at slightly higher energies (405 and 404 nm, respectively). Fluorescence maxima for the other series members are red-shifted and range from 424 nm (5LI-IAM-CH 3 ) down to 450 nm (5LI-IAM-OCH 3 ), as can be seen in Figure 2 for Tb-Cl (10a) (see also Figures S1-S8).
To determine the ligand triplet excited state energies, the emission spectra of their respective Gd(III)
complexes were recorded at 77K (Figures S9-S17). The lowest-energy emitting state of Gd(III), at 32,150 cm -1 , is too high to be excited by the antenna ligands used in this study. Consequently, emission spectra of the Gd(III) complexes show exclusively ligand-centered emission. 38 The emission spectra were de-convoluted to determine the 0-0 vibrational transition energy (T 0-0 ). ), and is therefore in the range proposed for optimal ligand-to-Tb(III) energy transfer. 24 The amide and -SO 3 -substituents result in higher energy T 0-0 states: The Hammett substitutent parameters, 39  p , and the inductive/field (F) and resonance (R) component parameters were examined to see if they correlated with the absorption and emission energies of the IAM chromophores. Such a correlation would provide a preliminary strategy for IAM-ligand design.
No correlation was observed between the  p parameters and the absorption and emission energies;
however linear relationships were seen between the resonance component of the Hammett parameters, R, and the ligand absorption and emission data. This indicates that the substituent's main influence is via interaction with -system of the chromophore. Similar correlations have been observed for other comparable para-substitued chromophores, such as diphenylboron-2(pyrazolyl)aniline chelates. 40 The absorption, fluorescence, and phosphorescence energies of the 5LI-IAM-X ligands all increase linearly with the -withdrawing ability of the substituents (i.e., with increasing R values) (Figure 3) , with the exception of 5LI-IAM-NO 2 , which has relatively low singlet and triplet energies despite the fact that the -NO 2 group is strongly -withdrawing (R = 0.13). This deviation is explained by the TD-DFT results (vide infra). Significantly, the slopes of the correlation lines differ, indicating that the response of the absorption, fluorescence and phosphorescence energies to the effect on the ligand electronic structure caused by the substituents also differs. The substituent influence is greater for the fluorescence energies than for the absorption energies and greater still for the T 0-0 energies. Consequently, as the -withdrawing ability of the substituent increases, the singlet and triplet state energies also increase, while the singlet-triplet energy gaps decrease ( Figure S18 )
To determine how altering the ligand energy levels of the IAM-X chromophores through substitution affects Tb(III) sensitization, the emission spectra of the Tb(III) complexes and the luminescence quantum yields () were measured. The spectra show the characteristic bands corresponding to transitions from the 5 D 4 emitting state to the 7 F J ground state manifold (Figure 2 ). The luminescence 8 quantum yield values for overall energy transfer for the Tb(III) complexes were measured relative to quinine sulfate ( = 0.546). 41 The  values range from 0.40 for Tb-Amide to 0 for Tb-OCH 3 and Tb-NO 2 . From these data it can be seen that generally, the  values increase with T 0-0 (Figure 4 ), which can be attributed in part to the increase in the T 0-0 -5 D 4 energy gap, which decreases non-radiative deactivation caused by repopulation of the triplet via back-transfer from the 5 D 4 state (i.e. increased  ET ). 42 Additionally, for this ligand system, increased T 0-0 energies are associated with decreased singlet-triplet energy gaps. Moving to more -withdrawing substituents therefore also influences  ISC .
The observed T 0-0 - relationship for the 5LI-IAM-X series is consistent with previous reports relating antenna ligand triplet energies and the quantum yield values of the resulting Tb(III) complexes, which suggest that the antenna triplet levels should be ~1,500 -1,700 cm -1 higher in energy than the Ln(III) emitting state to achieve efficient sensitization. 31, 43 For the Tb-5LI-IAM-X complexes,  values decrease gradually as the T 0-0 -5 D 4 energy gap is lowered from ~ 3,500 cm -1 (Tb-Amide) to ~ 1,600 cm -1 (Tb-CH 3 ), and then plummet when the energy gap shrinks to ~ 600 cm -1 (Tb-F). Latva and coworkers observed a similarly sharp drop-off in quantum yield values as the antenna triplet energies went below ~22000 cm -1 . 31 Although looking at energy transfer efficiency only in terms of the antenna triplet levels is an oversimplification of the energy transfer process, the T 0-0 -5 D 4 relationship is nonetheless a useful trend to guide ligand design, especially when looking at a single class of antenna ligands.
As previously mentioned, both Tb-NO 2 and Tb-OCH 3 show no metal-based emission. The triplet energy of 5LI-IAM-OCH 3 is below the 5 D 4 emitting state and so this ligand is not expected to sensitize Tb(III) emission at room temperature due to competing thermal repopulation of the ligand triplet. 11 As this quenching effect is significantly diminished upon cooling, at 77K Tb(III)-based emission is seen for this complex ( Figure S19 ). and lifetime compared to Tb-H. While the source of Tb-Br's short lifetimes and low quantum yield at room temperature are not completely understood, they do not appear to be due to the presence bound water, but rather to a thermal deactivation pathway. The effect of thermal back-transfer is reflected in the differences in lifetimes observed for the complexes at room temperature and at 77K. Ultimately, these complementary tools serve as a guide to inform the design of new ligands to produce more highly luminescent lanthanide complexes.
Experimental Section

General
All chemicals were obtained from commercial suppliers and used without further purification unless otherwise noted. Flash silica gel chromatography was performed using Merck 40-70 mesh silica gel.
1 H and 13 C NMR spectra (recorded at ambient temperature on Bruker FT-NMR spectrometers), elemental analyses, and mass spectra were obtained at the corresponding analytical facility in the College of Chemistry, University of California, Berkeley.
i. 5-Chloro-2-methoxy-1,3-dimethylbenzene (2a): Representative Procedure. 4-Chloro-2,6-dimethylphenol (107 g, 0.683 mol) and K 2 CO 3 (220 g, 1.59 mol) were suspended in 2.5 L of acetone.
Dimethyl sulfate was added and the solution was heated to reflux overnight. The resulting yellow solution was cooled to room temperature and additional dimethyl sulfate (50 mL, 0.52 mmol) and K 2 CO 3 (50 g, 0.36 mmol) were added and the reaction mixture was heated to reflux for 4 h. After cooling, the reaction mixture was filtered and the filtrate was evaporated to dryness. The product was carried to the next step without further purification. Yield: 152 g (97%). in 450 mL of water was added 4e (136 g, 0.81 mmol). Dimethyl sulfate (79.0 ml, 838 mmol) was added to the resulting brown solution, and the reaction mixture was stirred for ~ 30 min. The solution was then filtered to remove a brown precipitate, the filtrate was returned to the reaction vessel and additional dimethyl sulfate (40.0 ml, 420 mmol) was added in 4 mL aliquots every 5 min. Once the addition was complete, the product, a white precipitate, was collected by filtration and dried. Yield: 104 g (87%) was added in ~ 10 g portions over several hours. Once the addition was complete, the solution was warmed to room temperature and 1 mL of formaldehyde was added. The solution was then filtered over celite and the filtrate was collected. The volume of the filtrate was reduced under vacuum to ~150 mL and the solution was acidified to pH 1 with conc. HCl. The resulting white precipitate was collected by filtration and dried. Yield: 52 g (67%). (5-Chloro-2-methoxy-1,3-phenylene)bis((2-thioxothiazolidin-3-yl)methanone) (7a 
5-Bromo-2-methoxy-1,3-dimethylbenzene (2b
. 1 H 15 NMR (400 MHz, d 6 -Acetone):  3.70 (s, 3H, CH 3 ), 4.18 (s, 3H, OCH 3 ), 4.62 (s, 4H, CH 2 OH), 7.16 (s
3H
, OCH 3 ), 7.80 (s, 2H, ArH) ppm. 13 C NMR (100 MHz, CD 3 OD):  20.6, 64.0, 128.2, 134.9, 136.3
x. (2-(Benzyloxy)-5-fluoro-1,3-phenylene)bis((2-thioxothiazolidin-3-yl)methanone) (7c):
Representative Procedure. To a suspension of 6c (5.0 g, 17 mmol) in 100 mL of dry benzene was ]. ]. ]. ]. cooled in an acetone/dry ice bath was added 2.0 mL (22.8 mmol) of BBr 3 with a syringe while stirring.
5-Chloro-2-methoxy-N-methyl-3-(2-thioxothiazolidine-3-carbonyl)benzamide (8a
5-Bromo-2-methoxy-N-methyl-3-(2-thioxothiazolidine-3-carbonyl)benzamide (8b
2-(Benzyloxy)-5-methoxy-N-methyl-3-(2-thioxothiazolidine-3-carbonyl)benzamide (8d
2-Methoxy-N,5-dimethyl-3-(2-thioxothiazolidine-3-carbonyl)benzamide (8e
2-Methoxy-N-methyl-3-(2-thioxothiazolidine-3-carbonyl)benzamide (8f
2-Methoxy-N-methyl-5-nitro-3-(2-thioxothiazolidine-3-carbonyl)benzamide (8g
The reaction mixture was warmed to room temperature and was stirred for 64 hours. The progress of the reaction was monitored with 1 H NMR. Once the reaction was complete, the volatiles were removed under vacuum. The resulting off-white residue was dissolved in 10 mL of MeOH. The MeOH solution was diluted with 40 mL of water and heated until a transparent solution was obtained and the volume had been reduced to ~ 10 mL. Upon cooling the product precipitated out of solution and was collected by filtration and dried. Yield: 70%. HCl and the reaction mixture was stirred for 48 h at room temperature. A white precipitate formed, and was collected by filtration and dried. The filtrate was reduced in volume and a second crop of product was collected. Yield: 1.24 g (85% Photophysical Measurements. Absorption spectra were recorded on a Cary 300 UV-Visible spectrophotometer using a 1 cm quartz cell. Emission spectra were recorded on a FluoroLog -3 (JobinYvon) fluorimeter using a 1 cm Supracil quartz luminescence cell (room-temperature measurements). The Tb(III) complexes (10M) were prepared in situ in 0.1M Tris buffered H 2 O (pH 7.4) with 0.2% DMSO. Quantum yields were determined by the optically dilute method 49 using the following equation:
where A is the absorbance at the excitation wavelength (), I is the intensity of the excitation light at the same wavelength, n is the refractive index and D is the integrated intensity. Quinine sulfate in 1.0 N sulfuric acid was used as the reference (Q r = 0.546).
26
(phosphorescence) spectra of Gd(III) complexes were recorded on a Cary Eclipse fluorimeter. The Gd(III) complex solutions were prepared from the isolated complexes (in 1: 4 MeOH:EtOH).
50
DFT Calculations. Computational studies were conducted at the Molecular Graphics and
Computation Facility, College of Chemistry, University of California, Berkeley. Density functional theory and time-dependent density functional theory calculations were performed using a B3LYP/6-311++G(d,p) basis set in Gaussian 03. The input structure was derived from the crystal structure of a previously reported IAM-Eu(III) complex (CSD reference code: EMEVUN). 22 Geometry optimizations were performed on the input structures without symmetry constraints. a Input structure contained an additional Na + counter-ion to balance the charge. reproduce experimental ligand triplet energies within ~5%. Together, the experimental and computational results serve as a predictive tool that can be used to guide antenna ligand design.
IAM Tb
